ABSTRACT: The present paper analyses and quantifies the sensitivity of snowpack to climate change, and assesses implications for snow processes in the central Pyrenees under the climatic conditions projected by a set of 9 regional climate models (RCMs) for the end of the 21st century, under the IPCC emission scenario SRES A2. The methodology was based on comparison of the snow series obtained by simulating the energy balance of a snow surface driven by climatic conditions recorded during the period from 1996 to 2006, with snow series obtained by simulations for the same period that included various changes in magnitude for each of the climatic drivers (sensitivity analysis); and the changes projected by the RCMs to the end of the 21st century. Results showed a marked sensitivity of snowpack duration and thickness to shifts in temperature, precipitation and solar radiation. RCMs suggest that the most significant changes expected in the study area are related to temperature, which is the main parameter responsible for the predicted changes in future snow processes. A large coherence was found among the simulations made using the projections of the 9 regional climate models. Comparison with respect to current conditions indicated a decrease of 50 to 60% in maximum snow water equivalent, the occurrence at least 1 mo earlier of the maximum snow water equivalent, and a reduction in the duration of the snowpack by around 2 mo. In addition, the 3 snow parameters will be subject to a marked increase in inter-annual variability compared to the observed conditions. KEY WORDS: Snow · Snow energy balance · SEB · Climate change · Regional climate models · RCMs · Pyrenees
INTRODUCTION
The presence of a seasonal snow cover is one of the main features of both mild and cold mountain regions. The depth and duration of the snowpack control a large number of hydrological and geomorphological processes, as well as the phenology of plants and animals (López-Moreno & García-Ruiz 2004 , Mellander et al. 2005 . Many reports support the high dependence of snowpack evolution on climatic conditions (e.g. Beniston 1997 , López-Moreno & Vicente-Serrano 2007 , and significant effort has gone into assessing and quantifying the effects of projected climate change over the next decades on snow accumulation and melting processes for mountain regions over the world (Rasmus et al. 2004 , Dankers & Christensen 2005 , Keller et al. 2005 , Merritt et al. 2006 , Hantel & HirtlWielke 2007 , Mellander et al. 2007 . A recent publication (López-Moreno et al. 2008) has highlighted the important shifts in precipitation and temperature that will occur in the Pyrenees in the next decades. However, the impacts on snowpack remain insufficiently studied despite the potential consequences of such changes.
The topography and climate of the Pyrenees allows the development of an extensive and thick snow cover from December to April in areas >1500 m above mean sea level (a.s.l.), with a longer duration of snow cover at higher altitudes and in shaded areas (García-Ruiz et al. 1986 , López-Moreno & Nogués-Bravo 2005 . In this region, snow controls many ecological processes and also has important socio-economic implications, mainly due to (1) the large contribution of snow melt to the amount and seasonal distribution of runoff in Pyrenean river basins, which plays a major role in water management in the semiarid and highly populated Ebro valley (López-Moreno & García-Ruiz 2004) and (2) the significant development of winter tourism in recent decades, which represents one of the main sources of revenue for the region. Thus, this area could be particularly sensitive to the impact of expected climatic change in the 21st century (López-Moreno et al. 2008) .
Within this context, the aim of the present study was to assess the impact of predicted climate change on snow processes in the Pyrenees. For this purpose, the snow energy balance (SEB) in the area was simulated for climatic conditions in the recent past (1996 to 2006) and for future conditions driven by projections of 9 different regional climate models (RCMs) for the end of the 21st century. The use of a multi-model approach enabled an assessment of the coherence amongst the projections of the different RCMs, and the development of a robust expected mean change with different confidence intervals (Räisänen 2007) .
The lack of long-term detailed meteorological records in the region obligated the analysis to be carried out using the single location where point measurements have been made for longer than a decade (the Izas Experimental Station). Uncertainties resulting from the SEB model used and the RCM projections, as well as the applicability of results from an individual location to the whole region, are discussed.
STUDY AREA
The Pyrenees are a mountain range located in the north-eastern part of the Iberian Peninsula, between France and Spain. The range is bounded by the Atlantic Ocean to the west and the Mediterranean Sea to the east (Fig. 1) . Altitudes vary from about 500 to 3500 m a.s.l., with a contrasted relief. There is a marked transition in precipitation and temperature conditions from the Atlantic to the Mediterranean, as well as significant changes in macrorelief. Annual precipitation falls predominantly during winter in areas adjacent to the Atlantic, and during spring and autumn in the Mediterranean regions.
The study area (Izas Experimental Station; 42°44' N, 0°25' W) is located at 2056 m a.s.l. and is very close to the main divide of the Pyrenees in the headwaters of the Gallego River in Spain. As it is in a transition zone between the Atlantic and the Mediterranean, it has mixed climatic influences and conditions. The mean annual temperature is 3°C, and there are 130 d yr -1 on which the mean temperature is < 0°C. Mean annual precipitation is around 2000 mm, of which more than half falls as snow (Del Barrio et al. 1997 , Anderton et al. 2004 ). Despite having a mean winter temperature < 0°C, the area is subject to intense winter warm spells, which trigger melting events and major metamorphosis of the snowpack throughout the whole snow season.
DATA AND METHODS

The surface energy balance model GRENBLS
A number of different numerical modelling approaches have been taken into account to simulate snow cover, ranging from simplified degree-day melt Outcalt et al. 1975 ) and multi-layer (e.g. Anderson 1976 , Brun et al. 1989 ) energy balance models. Snow model evaluations during the Snow Model Intercomparison Project (SnowMIP) revealed that single layer models were able to provide realistic representations of snow cover accumulation, melt and physical properties over a range of snow cover climates (Etchevers et al. 2004 ). The SnowMIP gathered several types of models and parameterizations, ranging from simplified schemes such as those used in the global climate model (GCM), snow melt models used in hydrology and detailed multi-layer snow models used for avalanche forecasts or research in snow physics. Single layer energy balance models (also referred to as surface energy balance models or SEBM) have been shown to reproduce the snow water equivalent (SWE) quite realistically with respect to more complex multi-layer models (e.g. Brown et al. 2006) .
In the present study, a single snow-layer SEBM called GRENBLS (GRound ENergy BaLance for natural Surfaces), driven by a time series of observed atmospheric data, has proven genuine skill in reproducing many aspects of the evolution of alpine snowpacks (Keller & Goyette 2005 , Keller et al. 2005 . GRENBLS is a physically based model driven by hourly input data of screen air-temperature, T air (K); dew point temperature, T d (K); anemometer-level wind magnitude, W s (m s -1 ); precipitation, P (mm s -1 ); surface pressure, p sfc (hPa); and incident solar radiation (K↓). This model has an explicit underlying multi-layer soil of 1 m depth of 'medium-coarse texture' covered at 70% with low vegetation (snow mask of 3 cm), and a distinct snow layer. It computes the radiative fluxes (incoming solar radiation may also be prescribed), the surface turbulent sensible and latent fluxes where the bulk heat and moisture transfer coefficients are parameterised according to the ideas of Benoît (1977) on the basis of the MoninObukov similarity theory, as well as the heat flux in the ground and in the snowpack. Surface temperature, soil wetness and snow mass are prognostic variables, the latter in terms of SWE. Energy budget also considers the energy change associated with the melting of frozen soil moisture and snow. The temperature of the snowpack is computed prognostically through the heat storage using a force-restore method (e.g. Stull 1988 , Chapter 7, McFarlane et al. 1992 . As shown in detail in Keller & Goyette (2005) , the model also computes the surface water budget in terms of surface moisture (liquid and frozen) and snow separately, liquid and solid precipitation rates, the melting rate of snow and frozen soil, the surface evapotranspiration, the snow sublimation, and the total runoff partitioned into surface saturation and bottom drainage. Precipitation is considered as solid if T air is less than the triple point of water. Liquid precipitation on a snowpack induces snowmelt. Melted water goes directly into the soil as liquid moisture. Snow is modelled as an evolving 1-layer pack characterised by a temperature, T snow (K); a mass, M snow (kg m -2 ); and a density, ρ snow (kg m -3 ). The surface energy budget is computed at each model timestep over snow cover. The radiative and turbulent fluxes are first computed. Then, the heat storage in the snowpack is computed and, if it is positive and the snow temperature is below the melting point, the excess energy is first used to raise the temperature of the pack. Once its temperature reaches the melting point, any additional excess energy is used to melt the snow. The temperature of the snow is held below the melting point until the snow has melted. The melted snow goes directly into the ground as liquid moisture. The evolution in snow density from metamorphosis and settling is assumed to follow an exponential time decay expression using a maximum mean density of a non-melting snowpack of 300 kg m . In a similar manner, snow albedo changes accompanying snow aging are parameterized as a time-decay function from an initial fresh snow albedo of 0.80. GRENBLS also incorporates total cloudiness, hereafter referred to as 'C ' as an input parameter. Clouds influence the intensity of the downward solar and infrared radiation at the surface. At terrestrial temperatures, about 70% of the energy in the black body spectrum lies outside the waveband of the atmospheric window (8 to 14 μm), whereas the wavebands lying within the atmospheric window neither absorb nor radiate. At all other wavelengths, the atmosphere is considered to behave as a black body. Hence, 70% of the outgoing longwave radiation is absorbed by and re-radiated downwards at wavelengths outside of the window; that is, the atmospheric emissivity ε a = L o ↓ ͞σT 4 air is 0.7, where L o ↓ is the cloudless sky flux density and σ the Stefan-Boltzmann constant. This is assumed to be independent of temperature. Paltridge & Platt (1976) state that the downward energy flux density (1 -0.7) ε c σT 4 c having a mean value of 60 W m -2 may be used generally where ε c and T c are the clouds' emissivity and temperature. Clouds affect the flux density at the ground by contributing longwave radiation within the window such that:
where C ≤ 1.
Data
Most of the important climatic drivers of GRENBLS have been recorded on an hourly basis since 1996 at the Izas Station. This represents the longest and most complete meteorological record for simulating SEB on the southern slopes of the Pyrenees. Despite the fact that the data cover only a decade, the years included in the series exhibit noticeably contrasting conditions in climate and snow processes; which is the most important requirement to assess the impact of climate change on snowpack once the series are modified according to RCM projections. The data that have been recorded are air temperature (T air ), precipitation (P), relative humidity (R h ), dew point temperature (T d ), wind speed (W s ), incoming and reflected radiation, and snow depth. Atmospheric pressure (p sfc ) was estimated from observed values (p obs ) at a nearby station (850 m a.s.l.) accounting for the lower altitude of this station by applying the barometric correction: (2) where, T air is the observed temperature (in Kelvin), Δz is the altitude difference, γ is a mean vertical lapse rate defined as -6.5 K km ). Sensors are of known brands (Vaisala HMP 35 A for T air and R h ; Qualimetrics 6011 B tipping bucket rain gauge; anemometer Young 03002; pyranometer Swissteco for K↓ and K ↑ solar radiation; Campbell SR50 ultrasonic sensor for snow depth). In some cases they are duplicated (T air , R h , W s , K↓), and the values of both sensors are continuously compared; they are also checked on the spot with portable sensors during data collection visits (T air and R h ; snow depth). Some data (e.g. precipitation, snow depth) are compared with those of nearby meteorological stations. Snow depth is measured every 5 min with a Campbell SR50 ultrasonic sensor, which ensures ±1 cm of accuracy. The larger uncertainty in data comes from measurement of solid precipitation; this is derived from measured changes in snow depth (assuming an initial density of 100 kg m -3
) and validated with water recorded in a accumulative rain gauge and density data from a 1.5 × 1.5 m snow pillow installed 3 yr ago.
Multi-layer clouds have been computed diagnostically using NCEP-NCAR (Kalnay et al. 1996) 6 h temperature and specific humidity on a number of pressure levels over the region and period under study. First, the relative humidity is computed as a function of the temperature and the specific humidity at pressure level p. Then, the cloud fraction, Cl p , is computed according to a cloud onset function producing the following fraction of clouds (Laprise et al. 1998) : (3) where R h,p represents the relative humidity at pressure level p, and H o,p is the moisture threshold at the same level computed on the basis of the fractional probability of water phase in the clouds as a function of temperature according to the ideas of Rockel et al. (1991) . Cloud amounts diagnosed at 7 pressure levels (namely 300, 400, 500, 600, 700, 850 and 925 hPa) and fog (estimated at 1000 hPa) are interpolated and used as hourly input in the model. GRENBLS has an option of using cloud amount C i , i = 1, 8. The total cloud amount, C, therefore, cannot exceed 1 (or 8/8). In the pre-processing phase of the cloud computations using atmospheric relative humidity, we have shifted the clouds cast on pressure levels upward, i.e. treated pressure level clouds as sigma level clouds. The effect of clouds is to scale linearly the background value of downward infrared radiation with a value of 0 during clear sky to 60 W m -2 for an overcast sky.
Climatic change scenarios and modification of observation series
Information on predicted climate change was obtained from the outputs of simulations of the different drivers of snowpack (T air Nakicenovic et al. 1998) . In the present study, climate change assumed a SRES A2 scenario, which predicts strong increases of atmospheric greenhouse gases (GHG) in coming decades and has been commonly used in climate change studies (Christansen & Christansen 2003 , Beniston 2006 , Beniston et al. 2007 , Mellander et al. 2007 , Thodsen 2007 . RCM outputs were made available on a daily basis at a spatial resolution of roughly 50 km (0.44 to 0.5°). The series for the grid cell whose centre in each model was closest to the study site was used for climate change calculations (as done by Rasmus et al. 2004 , Keller et al. 2005 .
With regard to the accuracy of RCMs to reproduce climatic conditions during a control period in the Pyrenees, López-Moreno et al. (2008) concluded that high reliability of the RCMs occurred in reproducing observed temperature, with biases around 1°C. Biases in simulated precipitation compared to observed precipitation were within 10 to 20%. These values are in line with the errors found for Europe in previous quality assessments of RCMs over Europe (Giorgi et al. 2004 , Dequé et al. 2005 ). An adequate analysis of accuracy of the other outputs provided by RCMs (W s , R h , p sfc and solar radiation) is a difficult task, as the numbers of available records are usually low, and their lengths are shorter than control simulations of RCMs; this explains the lack of studies in the available literature devoted to analyse the accuracy of these parameters. However, PRUDENCE model simulation outputs are used to compute changes, or, in other words, 'deltas' (Δ, differences between control and scenario runs); this fact reduces the degree of potential uncertainty related to the quality of RCM outputs, as 'deltas' are less sensitive to model errors and can thus be used to perturb the observations in an adequate manner to produce consistent future climate change conditions (López-Moreno et al. 2008) .
In order to provide GRENBLS with driving variables representative of future climate conditions, RCM outputs were considered for both 1961 to 1990 and 2071 to 2100 periods. The magnitude of climate change was determined by subtracting the variables of the control runs (1961 to 1990) from the predicted future climate (2070 to 2100). We assumed that climate change will not be constant throughout the year, and will not equally affect all parts of the distribution of the series. Consequently, we calculated the magnitude of change on a monthly basis and for each decile of the series (each part represents one-tenth of the sample). The differences were subsequently added to the 10 yr series recorded at the Izas Station to introduce day-today and inter-annual variability into the climate scenarios (largely following Mellander et al. 2007 ). Modification of the observed hourly series based on daily data provided by the RCMs required a number of assumptions.
(1) The hourly temperature series was created from the daily change in maximum (Tmax) and minimum (Tmin) values (which varied with the month and the decile within the observed series). Both values were allocated to the hours when they occur on average (beginning of the afternoon and sunrise for Tmax and Tmin, respectively), and, for the intervening period, a linear change between consecutive values was assumed. (2) The daily changes in the other variables were applied equally to each hour of the day. In the case of precipitation the change was only applied to the hours where precipitation occurred in the observational record; thus, stationary behaviour in the number of wet days was assumed. Not all RCMs provide information on mean daily wind speed. In such cases, the mean inter-model change from the available RCMs was used in the simulations. When temperature is perturbed, T d is recalculated assuming that the total content of humidity and specific humidity in the atmosphere remain stationary, but saturated vapour pressure changes.
Snowpack simulations were carried out in 3 ways: (1) by introducing observed climatic parameters; the resulting snow series were used to validate the model by comparing it with the snow depth measured at the observatory, and used as a reference for comparison with snow series obtained using modified climatic parameters and (2) by introducing all of the observed series of climatic drivers but one, which was varied. This procedure enabled assessment of the sensitivity of snowpack to changes in T air , P, K↓, T d and W s . (3) Climatic drivers modified according to the projected climate change were introduced. Simulations were carried out assuming a change in temperature only, a change in temperature and precipitation, and a change in all the climatic drivers (T air , P, K↓, T d and W s ). Comparison of simulated snowpack with that from observations enabled realistic changes in different snow processes to be estimated, and assessment to be made of the differential importance of each climatic driver in the future evolution of snowpack under a greenhouse climate.
Particular attention was devoted to the effects of potential changes in 3 parameters of the annual snow pattern: (1) the maximum snow water equivalent (MSWE, in mm), which is a measure of the amount of water available during the melt period; (2) the date of MSWE (DMSWE; day of the hydrologic year, Day 1 = Sept 1) occurrence, which suggests the beginning of the dominance of the thawing events with respect to the accumulation events; and (3) the duration of snowpack (DSP), which encompasses accumulation and melting processes and is critical to many geomorphological and ecological processes. Fig. 2 shows monthly (December to April) projected changes in temperature (°C) and precipitation (%) for the different deciles to the end of the 21st century. Table 1 shows the monthly mean changes (inter-model and inter-decile averages) projected by RCMs for all the climatic drivers of the SEB.
RESULTS
RCM-projected changes in climatic drivers of snow energy balance
Temperature (both Tmax and Tmin) is expected to increase between 2.5 and 3.9°C during the snow season. A tendency for more intense warming at the extremes of the distributions was also found, with greater increases in the lowest Tmin and the highest Tmax (see Fig. 2 ). Precipitation tends to remain stable, with minor increases during the snow season. Decreases in precipitation are expected in March (-8.1%) and May (-15.2%; Table 1), although the influence of the latter on snow processes is negligible. Fig. 2 also indicates a lower agreement among RCMs for precipitation than for temperature, which, in some cases, may lead to differences in the sign of the expected changes. This highlights the uncertainty associated with predicting change in precipitation, and with the applicability of this parameter in simulations of snow processes in a future climate.
For other climatic drivers (Table 1) , an increase in air humidity is indicated (see specific humidity Q and T d ), while p sfc , W s and K↓ remain relatively stable over the next few decades. 
Accuracy of GRENBLS model in simulating snowpack evolution
Fig . 3A shows a good match between the GRENBLSsimulated snow depth evolution using climatic records and the observed snow depth at the same site. Annual correlation coefficients are always > 0.75 and usually (8 of 10 yr) > 0.9. Despite some minor disagreements, GRENBLS generally reproduces essential features, such as the high inter-annual variability as well as the main patterns in the annual cycle of the snowpack. Fig.  3B to D shows the annual values for 3 parameters considered representative of snow evolution. Simulated snowpack shows only an average absolute bias (MAE) of 25 cm in depth when maximum accumulation occurs, and the error is very close to zero when the sign of the bias is included in the average (MBE). The date of occurrence of simulated maximum accumulation is very close to that for observations (a mean difference of 11 d); a similar accuracy was obtained for simulation of the duration of snow cover. Box plots show that the simulated series accurately reproduced the observed inter-annual variability of the 3 parameters, as indicated by the similar ranges in observed and simulated distributions. Correlation coefficients between annual snow parameters are always > 0.79. The agreement index (Willmott's D; Willmott 1981) shows values > 0.81 in all cases (Willmott's D varies from 0 to 1, 1 is a perfect prediction). This indicates a high agreement between measured and simulated snowpack. Thus, despite a few shortcomings in the reproduction of snowpack, it is considered that overall the simulation reproduced the observed snow realistically.
Sensitivity of SEB to changes in climatic drivers
Following assessment of the reliability of the snow series simulated by GRENBLS, the sensitivity of snowpack to changing climatic conditions was assessed by varying 1 by 1 the drivers in successive simulations. Fig . 4A shows the large sensitivity of SWE when simulated with increasing temperatures. Each degree of warming produced a marked decrease in MSWE, especially for the first 4 degrees where a mean reduction of 70 mm °C -1 (16% of the mean MSWE) occurred. Over the subsequent 5°C increase, a lower sensitivity was observed, as MSWE only decreased by 20 mm on average. Moreover, DMSWE was noticeably brought forward and the duration of snowpack was shortened by an average of 20 d °C -1 (11% of the mean DSP). Snowpack was also very sensitive to changes in precipitation (Figs. 4B & 5B) . The most affected snow parameter was MSWE, with a mean change of 54 mm (13%) for every 10% of change in precipitation. The duration of snowpack was also noticeably affected by changes in precipitation, but less so than by temperature, with a mean difference close to a month between the 2 most extreme simulations (-30 to + 30%). As expected, DMSWE was largely unaffected by precipitation changes.
Snow evolution showed a marked sensitivity to changes in incoming solar radiation. Fig. 5C shows that the 3 snow parameters were noticeably affected, in particular the maximum accumulation and the duration of snowpack (an average decrease of 29 mm and 11 d, respectively, with a 10% increase in radiation).
Snowpack was also sensitive to changes in T d and W s (Figs. 4D, 5D and 4E, 5E, respectively), but the response was much weaker than that observed for T, P, or K↓. Snowpack behaved practically insensitive to changes in cloud cover and atmospheric surface pressure (results are not shown).
Response of snowpack to projected climate change at the study site
Fig . 6A ,B shows the snow evolution simulated using the observed climatic drivers and the modified climatic series according to different RCM projections, assuming a change in temperature only (left), temperature and precipitation (centre), and in all the climatic drivers (right) for the years 2002-2003 (high snow accumulation) and [2005] [2006] (low snow accumulation), respectively. Fig. 6C shows the mean inter-annual probability magnitude curves (November to May) of the simulated series for the observed and modified series, and indicates that according to the expected climatic change in the area, a substantial decrease in snow accumulation can be expected. Warmer temperatures appear to be the main cause of decreasing snow depth throughout the full snow season. Indeed, the simulated series, which included shifts in precipitation (centred plots) and the change in all the climatic drivers (T, P, T d , p sfc , K↓, W s ), were practically identical to those carried out assuming a change only in temperature. This result is a consequence of the expected stable behaviour of P and K↓ in the area for the coming decades (see Section 4.1), and these 2 variables together with temperature cause a significant response in the snow pack, as shown in the sensitivity analysis (Section 4. Fig. 6B . The probability magnitude curves shown in Fig. 6C indicate that climate change will exert strong shifts in the full distribution of frequencies of the snow series. Fig. 7 shows the annual snow parameters, extracted from the simulated series for observed climate, with modified climatic drivers (T, P, p sfc , T d , W s and K↓). Table 2 , assuming shifts in temperature, precipitation and temperature, and all climatic drivers. The results confirm that snow processes in the Pyrenees will be subject to dramatic shifts if RCM projections are accurate. Thus, MSWE is expected to decline an average of 50.3 to 58.7%. Under a greenhouse climate, maximum snow accumulation during the most snowabundant years will be on the order of 25 to 50% of present conditions. As shown in Fig. 6B , in future, lowsnowfall years (bottom 10%), accumulation will be < 50 mm, in contrast to the 200 mm reached as a minimum in the 1996 to 2006 series. Maximum accumulation will occur at least 1 mo earlier (Fig. 7B) , shifting from mid-March to mid-February. DSP (Fig. 7C) will be reduced by > 2 mo on average. During the observation period snow persisted for at least 141 d, but projections for future years suggest that a thin snowpack will only persist for 18 to 50 d, depending on the model used.
In spite of differences in the magnitude, and in some cases sign, of projected changes in the climatic drivers of the SEB (see Section 4.1), there is a large degree of coherence amongst the different climatic change models with respect to projections for future snowpack. This is evident in the similar averages and ranges predicted by the different RCMs for parameters at the end of the 21st century (Fig. 7) .
In addition to the large changes predicted for snowpack magnitude and duration in the future, coefficients of variation (CV; mean divided by the standard deviation) for the annual snow parameters point to a marked increase in inter-annual variability of snow processes in the region. Thus, annual MSWE values had a CV of 0.38 for the 1996 to 2006 period, whereas the CV of MSWE from the simulated series oscillates between 0.49 and 0.58 for the end of the 21st century, depending on the RCM used. Similarly, the CV for DMSWE shifts from 0.16 to 0.19-0.31, and for DSP shifts from 0.13 to 0.31-0.43. 
DISCUSSION AND CONCLUSIONS
Simulation of the SEB under observed and modified climatic conditions enabled detection of the main variables that affect the temporal evolution of a snowpack in the Pyrenees, as well as quantification of changes in snow processes expected under future climate scenarios in the area (2070 to 2100; IPCC Scenario A2) projected by 9 RCMs. The methodology used should be applicable to other mountain areas with a reasonably long and complete record of variables that control SEB. The main findings are: 1. Snowpack is highly sensitive to potential changes in temperature, precipitation and solar radiation; response is less sensitive to shifts in air dew point temperature and wind speed. 2. RCMs predict a sharp increase in temperature (2.5 to 3.6°C) by the end of the 21st century, a moderate increase in air humidity, and nearly stable conditions for the rest of the driving variables of SEB. 3. Simulations based on future climatic conditions projected by 9 different RCMs produced consistent results, all pointing to changes similar in sign and magnitude. 4. The main changes in snow processes detected in this study using a warming scenario were a marked decrease of MSWE (50 to 59%), an earlier occurrence of DMSWE (32 to 35 d), and a reduction in snow cover of 67 to 74 d. In addition, there was a noticeable increase in inter-annual variability in snow processes.
For an appropriate interpretation of the results from the sensitivity analysis, it is of paramount importance to take into account that variations of individual meteorological parameters alone are not responsible for variations in energy fluxes because of the non-linear relations linking them to the heat. In spite of this consideration, results seem robust in indicating temperature, precipitation and solar radiation as major factors in snow accumulation and melting processes (e.g. Keller et al. 2005 , Pohl et al. 2006 . In the present study, temperature was the parameter with the greatest effect on snowpack, which is in agreement with the results obtained in other mountain ranges, including the Alps and the Himalayas. For example, Singh & Bengtsson (2003) showed accelerated depletion of the snow-covered area in the north of India (20, 31 and 40 d for T°C + 1, T°C + 2 and T°C + 3 scenarios, respectively). In the Austrian Alps, Hantel & Hirtl-Wielke et al. (2007) showed a 4 to 6 wk shortening of the snow season with a warming of 1°C. Rasmus et al. (2004) linked the projected warmer climate to a decrease in snow-cover thickness and duration. In addition, they expected notable changes in snow quality: denser and closer to the melting point even in winter, larger grain sizes, a smaller fraction of depth hoar in the snowpack and a larger fraction of icy or wet snow in the snow cover. The magnitude of listed changes will be largely subjected to the location of the meteorological observatories used for the analysis. Similarly, Beniston et al. (2003a,b) showed large reductions in snow volume with increased temperature in the Swiss Alps, but the effect had a strong vertical gradient, with the changes being more intense at lower altitudes where T is close to 0°C. Similarly, for the Pyrenees, , and neglecting potential vertical gradients in precipitation). They also reveal a larger impact of the climate change for different altitudinal bands. The magnitude of shifts indicates a marked non-linear relationship between altitude and snowpack, with the largest changes below 2000 m a.s.l. For this reason, results shown here are directly applicable to the sub-alpine areas of the Pyrenees as well as the belt where the Izas Station is located. Further research will be required to determine in detail the spatial and vertical variability of the climate change impacts on snowpack. However, this task will require new assumptions to downscale the data and to disaggregate into hourly data the daily outputs provided by RCMs.
Modelling has indicated that changes in precipitation have less effect than variations in temperature, but can significantly modify the evolution of snowpack (Lapp et al. 2005 , Singh et al. 2006 ). The weak influence of atmospheric humidity on snowpack found in this study agrees with the findings of a sensitivity analysis carried out in the southern Canadian Rockies (Lapp et al. 2005) . The same study showed a greater influence of wind speed on sublimation and, hence, on total snow volume than that found in our analysis.
The maintenance of stable precipitation and radiation over the next decades in the studied area led, in simulations, to a dominant effect of temperature on future changes in snowpack; the inclusion of precipitation or other climatic drivers as changing variables barely modified the predicted snow series for the end of the 21st century.
According to previous studies that analysed uncertainties in RCM outputs (Räisänen 2007 and references therein), similarities in the expected shifts under different climate models, as obtained here, indicate the robustness of the projections. These changes, even under lower greenhouse gas emission scenarios, indicate the magnitude of the consequences of climate change on natural processes and socio-economic activities related to snow. With respect to hydrology, the decrease in snow volume could lead to a marked shift in the seasonal distribution of river flows. Such a change has already become noticeable in the Pyrenees as a consequence of a negative trend in snow accumulation during the second half of the 20th century resorts in the Pyrenees, which have already experienced economic difficulties during seasons with little snow. Together with the reduced snow volume and duration of cover, the expected increase in interannual variability will enhance the year-to-year uncertainty of activities linked to snowpack. Results shown in this study are subject to a number of uncertainties related primarily to the accuracy of the climatic series provided by the RCMs. Much effort has been devoted to quantifying the confidence that can be placed in the climatic change projections. Typically, this increases for an area where the models are able to reproduce the observed climate in comparisons of control runs with observational records that cover the same period (1960 to 1990 in this case), and where the changes predicted by most of the RCMs coincide in sign and magnitude (Giorgi et al. 2004 , Dequé et al. 2005 , Räisänen 2007 . A previous study in the Pyrenees (López-Moreno et al. 2008) concluded that the observed temperature during the control period was well reproduced by the RCMs, with biases around 1°C and a high degree of agreement amongst the compared models. However, biases in simulated precipitation compared to observed precipitation were up to 25%, and the heterogeneity amongst the different RCMs was rather high. In this study, expected changes in precipitation projected by the RCMs for the study site also showed marked differences in magnitude and, in some cases, sign. In addition to uncertainty regarding the magnitude of future change, precipitation in the Pyrenees is likely to be subject to large spatial variability, with an increase expected in the west and a decrease in the east. This pattern contrasts with the relatively homogeneous spatial distribution of change expected for temperature (López-Moreno et al. 2008) . The variability in precipitation trends makes application of the results obtained at the Izas Station to the rest of the mountain range unreliable. However, when snowpack is simulated with the expected changes in temperature (considered quite robust), but assuming a 30% increase in precipitation (an extremely optimistic projection for the Pyrenees), the main changes in snow processes described above were maintained. Thus, Fig. 9 shows that, although the changes in snow processes were moderate, large shifts were still predicted, including an average decrease in MSWE of 37%, a DSWE occurring 32 d earlier, and a reduction of 54 d in the DSP. This highlights the exposure to expected cli- mate change of ecological processes and economic activities that depend on snow in the Pyrenees, even under more optimistic emission scenarios. Finally, one goal would be to simulate the spatial variability of snow cover melting on the runoff generation at a catchment scale. The distributed energy balance of snowmelt coupled with hydrologic modelling is thus required (e.g. Kirnbauer et al. 1994 , Marks et al. 1999 , Garen & Marks 2005 . Such an approach has an advantage of resolving topographical features of the snow cover at a resolution not yet resolved by highresolution RCMs. On the other hand, the validation is hampered by the lack of a continuous and dense network of observations to drive and to validate this modelling system. Consequently, for the time being, reliance is on hybrid approaches using available observations, model outputs, as well on a number of assumptions to drive the energy balance model with respect to specific points. 
